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i v  
SUMMARY 
Flow-induced dis tor t ions of water drop flux and speed for  two hydro- 
meteor measuring instruments, Particle Measuring Systems OAP and FSSP, 
are  predicted by three-dimensional calculations. The instruments are 
studied i n  isolation and as mounted under the wing of a DeHavilland Twin  
Otter airplane. 
and 4' are studied fo r  drop diameters ranging  from 2 to  1000 vm. 
airplane a t  Oo angle of attack, dis tor t ions of practical consequence are 
n o t  found. A t  4' airplane angle of at tack, 17% undermeasurement of b o t h  
flux and speed i s  predicted for  cloud-size droplets. 
t ion ,  a i r  and drops must traverse the measurement tube. As expected, we 
predict larger flow-induced ef fec ts  under a l l  circumstances than for  the 
OAP. For the FSSP i n  isolation and mounted on the Twin Otter a t  0' 
angle of a t tack,  both speed and flux are predicted t o  be undermeasured by 
about 10% for  cloud-size droplets. 
undermeasurement of b o t h  f l u x  and speed i s  predicted for  cloud-size droplets. 
flow induced ef fec ts ,  approximately half ,  i s  caused by the instruments them- 
selves. 
effects  i n  comparison w i t h  a i r c r a f t  flow ef fec ts  can produce results t h a t  
are seriously i n  error .  
Preferred orientation (canting) angles of distorted water drops a s  
they pass through the instruments are predicted t o  vary w i t h  drop s ize ,  
angle of attack and free stream a i r  speed i n  apparently complicated ways. 
This needs fur ther  study. 
Several f ree  stream air  speeds, and angles of attack of 0' 
For the OAP i n  isolation and  under the Twin  Otter wing w i t h  the 
The FSSP presents greater flow obstruction t h a n  the OAP, and in addi- 
A t  4' airplane angle of attack, 24% 
For both wing mounted instruments we f i n d  that  a large portion of the 
This shows tha t  the common practice of neglecting instrument flow 
INTRODUCTION 
NASA Lewis Research Center has instrumented a DeHavi l land DHC6 Twin 
O t t e r  a i r p l a n e  ( F i g .  1 )  f o r  use i n  i c i n g  research. I n s t r u m e n t a t i o n  
( F i g .  2 )  on t h e  a i r p l a n e  i s  designed t o  c o l l e c t  data c r i t i c a l  t o  a i r c r a f t  
i c i n g  d u r i n g  t r a v e r s e s  through i c i n g  c louds. A l l  o f  these ins t ruments  
r e q u i r e  t h e  sensing o r  c o l l e c t i o n  of  water drops o r  o t h e r  hydrometeors, 
and as i s  w e l l  known ( r e f s .  1, 2 ) ,  f l o w  p e r t u r b a t i o n s  caused by t h e  pas- 
sage o f  t h e  a i r p l a n e  through t h e  c l o u d  can a c t  t o  s e r i o u s l y  d i s t o r t  t h e  
measurements. Since exper imental  de termina t ion  o f  these e f f e c t s  would 
be p r o h i b i t i v e l y  expensive, three-dimensional  f l o w  and hydrometeor t r a -  
j e c t o r y  c a l c u l a t i o n  methods ( r e f s .  1, 2, 3)  a re  used f o r  t h e i r  p r e d i c t i o n .  
The inst ruments o f  concern i n  t h i s  study, t h e  PMS* Opt ica l  A r r a y  Probe 
(OAP)  and PMS* Forward S c a t t e r i n g  Spectrometer Probe (FSSP) a re  numbered 
6 and 7 i n  F igure  2, and are  mounted under t h e  Twin O t t e r  wing as shown 
i n  F igures 2, 3 and 4. Resul ts  o f  s i m i l a r  s t u d i e s  o f  o t h e r  inst ruments 
shown i n  F igure 2 a r e  presented elsewhere ( r e f .  4 ) .  
There are  two main o b j e c t i v e s  o f  t h i s  s tudy :  
1. P r e d i c t  d i s t o r t i o n s  of k a t e r  drop f l u x  and speed caused by 
f l o w  about t h e  i s o l a t e d  inst ruments.  
P r e d i c t  d i s t o r t i o n s  of v!ater drop f l u x  and speed caused b y  
f l o w  about complete assemblies o f  t h e  inst ruments,  t h e i r  
mounts and t h e  Twin O t t e r  a i r p l a n e .  
2.  
Resul ts  a re  r e p o r t e d  f o r  water drops i n  t h e  d iameter  range 2 t o  1000 vm 
and f o r  o r i e n t a t i o n s  o f  0' and 4' angles o f  a t t a c k  t o  f r e e  stream f lows 
a t  severa l  speeds. Also,  r e s u l t s  a r e  compared w i t h  s i m i l a r  s t u d i e s  done 
by t h e  Canadian Nat iona l  Aeronaut ica l  Establ ishment f o r  t h e i r  Twin O t t e r  
which i s  s i m i l a r l y  instrumented ( r e f s .  5, 6 ) .  
I 
1 
* P a r t i c l e  Measuring Systems, Inc., Boulder,  Colorado. 
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Leigh Ice Detector 
Pressure Ice Rate and  Accretion Sensor (PIRAM)  
Rosemount Ice Detector 
J-W L i q u i d  Water Content Sensor 
CSIRO-King L i q u i d  Water Content Sensor 
OAP Laser Spectrometer 
FSSP Laser Spectrometer 
Experiment Carrier Port ( R o t a t i n g  Mu1 t i  Cy1 inders) * 
Soot  Slide Droplet Sampler 
Figure 2 .  Mount s i t e s  o f  icing instruments on the NASA LeRC T w i n  Otter. 
Instruments considered here are numbered 6 and 7. Results 
of  similar studies of  the other instruments are described by 
Shaw, e t  a l .  ( r e f .  4 ) .  
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Only effects of flow perturbations on drop trajectories are considered. 
Measurement and sampling errors, and biases caused by optical problems or 
other workings of the instruments are not addressed. 
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THE INSTRUMENTS A N D  A I R P L A N E  
THE INSTRUMENTS 
Figures 5 and  6 show computer plots of  detailed digital  descriptions 
o f  the instruments' surfaces suitable for use by the flow calculation 
codes. Dimensional d a t a  also are given 
The optical a r r ay  probe ( O A P )  ( r e f s  
canister with hemispherical ends, one o f  
n the figures. 
7 ,  8)  consists o f  a cy1 
which supports a pair of  
ndrical 
pro  be 
arms. A laser  beam passes between the probe arms as shown i n  Figure 5 ,  
and hydrometeors t h a t  pass t h r o u g h  the beam are sensed and sized. Two- 
dimensional images of  the hydrometeors are recorded via use o f  a l inear  
a r r ay  o f  sensors, and  t o  assure t h a t  undistorted images are obtained, 
t r ans i t  speeds of the hydrometeors th rough  the beam must be known.  
mum diameter range capabili ty of the instrument i s  approximately 75-2000 pm. 
The forward scattering spectrometer probe (FSSP) ( r e f .  8)  uses a 
canister with hemispherical ends tha t  i s  identical in s ize  and shape with 
the one used by the OAP. Suppor t  arms, which are considerably larger in 
diameter t h a n  those of the OAP,  extend from one end of the canis ter ,  and 
these support a measurement tube t h r o u g h  which the par t ic les  must pass 
( F i g .  6 ) .  
measurement tube; par t ic les  are sensed a s  they intersect th i s  beam and 
are sized by use of Hie scattering theory. 
i s  approximately 2-100 urn. 
Maxi- 
A laser  beam passes diametrically across the inside of the 
Maximum diameter range capabili ty 
Structural de ta i l s  o f  portions of the instruments t h a t  are located 
well a f t  o f  the sampling volumes contribute l i t t l e  o f  significance t o  flow 
a t  and forward of the sampling volumes, so t h a t  an abbreviated version 
of the canister was used for studies of the instruments in isolation. 
Figure 7 shows computer plots of the instruments with the abbreviated 





















F igu re  6. D e t a i l e d  d i g i t a l  d e s c r i p t i o n  o f  t h e  PrlS FSSP s u i t a b l e  
f o r  use by t h e  three-dimensional  f low code. Dimensional 
da ta  and l a b e l i n g  a re  added t o  a computer p l o t .  I n s i d e  
diameter o f  t he  measurement tube i s  1 5 / 1 6 " .  Support 
arm diameter i s  1 7/*". 
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a. PMS OAP 
h. PMS FSSP 
Figure 7. Digital descriptions of the PMS OAP and FSSP used for studies 
o f  the instruments in isolation. Aft ends o f  the cannisters 
are abbreviated; otherwise the paneling is the same as shown 
in Figs. 5 and 6,, 
1 1  
THE AIRPLANE 
A detailed digi ta l  description of the Twin Otter airplane has been 
prepared t h a t  includes a l l  major components (Fig. 8) .  
much detail  i s  no t  needed, so t h a t  an abbreviated version of the paneling 
was used as shown i n  Figure 9. Since neglect of the engine nacelle might 
be questionable, concentration factor  (defined below) calculations were 
done with the nacelle included fo r  water drops  t o  the OAP, which instru- 
ment i s  closest  t o  the nacelle. 
obtained w i t h o u t  the nacelle show unambiguously that  the nacelle does n o t  
significantly influence the resul ts .  
s t a n t  78" chord. 
fuselage the following operations are required: 
For t h i s  study th i s  
Comparisons of these results with resul ts  
The wing a i r fo i l  section, hACA 0016, i s  spanwise uniform with a con- 
The w i n g  has no geometric twist .  To moun t  the wing on the 
1 .  Rota t ion  by 2 . 5 O  a b o u t  a spanwise axis 
2.  Dihedral ro ta t  on by 3' abou t  a chordw 
of 35.15" from the symmetry plane, t i p  
leading edge upward. 
se axis a t  a distance 
upward relat ive t o  roo t .  
MOUNTED INSTRUMENTS 
Figure 10 shows computer plots of the instrument canister a n d  wing 
mounts. 
with the detailed version shown in Figs. 5 and 6 .  The wing paneling i s  
designed such t h a t  the moun t  plates (Fig. loa)  exactly cover two panels 
( i . e . ,  the blackened panels in Fig. 9b ) .  
Figure 11 shows the instruments mounted under the Twin Otter wing. 
However, a s  mounted on the fuselage, the wing chord plane i s  
The a f t  portion of the canister i s  simplified s l igh t ly  compared 
The instruments' axes make angles of 50 with the wing chord plane, forward 
end down. 
t i l t e d  upward by 2.5' re la t ive t o  the fuselage axis ,  so that the instruments' 
axes have a net downward t i l t  of  2.5' re la t ive t o  the fuselage axis.  
12 
Figure 8. Digital description o f  the complete Twin Otter 




 WAKE PANELS 
Y- 
a .  Perspect ive  view 
79.2’ 
b. View o f  unders ide 
F igure  9. D i g i t a l  d e s c r i p t i o n  o f  t h e  Twin O t t e r  used f o r  t h i s  s tudy.  
Panels covered by t h e  instrument  mount p l a t e s  ( F i g .  1 0 )  
a r e  blackened.  Dimensional da ta  and l a b e l i n g  a r e  added t o  
a computer p l o t  . 
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h 
a. Perspective view 
12 5 / 8 ”  
FORWARD 
b. Side view 
Figure 10. Digital description of the PMS canister and its mounts 
used for studies o f  the wing-mounted instruments. 
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a. PMS OAP 
b .  PMS FSSP 
F igure  11. Computer p l o t s  o f  t h e  wing-mounted ins t ruments  i n c l u d i n g  
s h o r t  segments o f  t h e  wing. 
wing sur faces  a r e  p l o t t e d  t o  avo id  confus ion  o f  ove r lapp ing  
1 ines .  





A i r  f l o w  about the  e x t e r i o r  o f  a three-dimensional  body o f  a r b i t r a r y  
shape i s  c a l c u l a t e d  by a mod i f i ed  v e r s i o n  o f  a f i r s t  o r d e r  panel  code de- 
veloped by Hess ( r e f s .  3, 9 ) .  The body sur face  must be approximated by 
cont iguous, p lane q u a d r i l a t e r a l  panels as i l l u s t r a t e d  by F igures  5-11 
above. D e t a i l s  o f  t h e  method a re  g iven i n  re fe rences  3 and 9, and a p p l i c a -  
t i o n s  a r e  discuswed i n  re fe rences  1 and 2. 
With rega rd  t o  accuracy, Hess ( r e f .  9 )  and Hess and Smith ( r e f .  10) 
r e p o r t  r e s u l t s  o f  a l a r g e  number o f  v a l i d a t i o n  s tud ies  f o r  f l o w  about bo th  
l i f t i n g  and n o n l i f t i n g  bodies. Panel code r e s u l t s  a r e  compared w i t h  exac t  
r e s u l t s  c a l c u l a t e d  f rom theo ry  f o r  s imp le  bodies, and w i t h  exper imental  
da ta  f o r  compl ica ted  bodies and combinations o f  bodies (e.g. 
combina t ions) .  These comparisons show t h a t  t he  panel code a c c u r a t e l y  p re -  
d i c t s  subsonic ( i  .e. e s s e n t i a l l y  incompress ib le )  e x t e r i o r  f l ows .  On t h e  
o t h e r  hand i t  i s  n o t  capable o f  a c c u r a t e l y  p r e d i c t i n g  i n t e r i o r  f l o w s  th rough 
tubes and duc ts ,  and the re fo re  cannot be used t o  p r e d i c t  a i r  f l u x  through 
t h e  FSSP measurement tube. 
A i r  and hydrometeors must pass through t h e  FSSP measurement tube, i n -  
wing-fuselage 
s i d e  o f  which t h e  hydrometeors a re  s i z e d  by Mie s c a t t e r i n g  theory .  
f i r s t  o r d e r  panel  f l o w  code discussed above can accommodate f l o w  i n / o u t  o f  
an o r i f i c e ,  p r o v i d i n g  f l u x  i n / o u t  o f  t he  o r i f i c e  i s  s p e c i f i e d ,  b u t  as no ted  
i t  cannot a c c u r a t e l y  p r e d i c t  f l o w  th rough the  tube. 
f l o w  code i s  r e q u i r e d  t o  a c c u r a t e l y  s imu la te  i n t e r i o r  f l ows .  
o rde r  three-dimensional  panel code was n o t  r e a d i l y  a v a i l a b l e ,  some means 
was needed t o  es t ima te  a i r  f l u x  th rough t h e  FSSP measurement tube, which 
then c o u l d  be i n p u t  t o  the  f i r s t  o rde r  code. 
was used t o  
c a l c u l a t e  f l o w  th rough the  measurement tube f o r  t h e  measurement tube- 
c a n i s t e r  combinat ion o f  t h e  i s o l a t e d  ins t rument ;  t h e  measurement tube 
support  arms ( F i g .  6b) and a i r p l a n e  cou ld  n o t  be i nc luded  because o f  t he  
The 
A second o r d e r  panel 
Since a second 
An axisymmetric, second o r d e r  panel code ( r e f s .  11,12) 
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requirement t h a t  t he  body have a x i a l  symmetry. 
o r i f i c e ,  which does n o t  va ry  app rec iab l y  between Oo and 4' angles o f  a t tack ,  
was c a l c u l a t e d  t o  be 95.9% o f  t h e  f r e e  stream f l u x .  To es t imate  t h e  e f f e c t  
o f  t h e  support  arms on t h e  f low,  a three-dimensional  c a l c u l a t i o n  f o r  t h e  
can is te r - suppor t  arms combination, w i t h  t h e  measurement tube omi t ted ,  
and an axisymmetr ic c a l c u l a t i o n  f o r  t he  c a n n i s t e r  alone were done. 
d i f fe rence i n  f l o w  between these c a l c u l a t i o n s  a t  t he  i n t a k e  o r i f i c e  l o c a t i o n  
was 3.9% o f  t h e  f ree stream f l ux ,  which aga in  d i d  n o t  va ry  app rec iab l y  
between Oo and 4 O  angles o f  a t t a c k .  
account ing  approx imate ly  f o r  t h e  e f f e c t  o f  t h e  support  arms, i s  thus  
approx imate ly  92% o f  t h e  f r e e  stream f l u x .  
The three-dimensional  f i r s t  o rde r  code r e q u i r e s  t h a t  t h e  i n t a k e  
and e x i t  o r i f i c e s  be paneled as though t h e y  a re  impervious sur faces  and 
F igure  12 shows t h e  pane l i ng  used: 
twenty-one panels.  The f l u x  th rough each o r i f i c e  panel i s  s p e c i f i e d  i n  
the  i n p u t .  For t h e  FSSP i n  i s o l a t i o n ,  as w e l l  as when mounted under t h e  
Twin O t t e r  wing w i t h  the  a i r p l a n e  a t  0' angle o f  a t t a c k ,  t h i s  s p e c i f i c a -  
t i o n  was taken t o  be 92% of t h e  f ree  stream f l u x  as discussed above. 
However, c a l c u l a t i o n  w i t h  t h e  a i r p l a n e  a t  4 O  angle o f  a t t a c k  w i t h o u t  t h e  
ins t rument  shows an a i r  f l u x  a t  t h e  l o c a t i o n  of t h e  FSSP o r i f i c e  o f  
89% o f  t h e  f r e e  stream va lue  (owing t o  p a r t i a l  s tagna t ion  under the  
wing).  
th rough each panel was taken t o  be 82% (92 X .89) o f  t h e  f r e e  stream 
f l u x .  
Average a i r  f l u x  i n t o  t h e  
The 
The n e t  f l u x  i n t o  t h e  o r i f i c e ,  
each o r i f i c e  i s  represented by 
Accord ing ly ,  w i t h  t h e  a i r p l a n e  a t  4' angle o f  a t t a c k ,  t h e  f l u x  
WATER DROP TRAJECTORY CALCULATION 
Assuming t h a t  t he  b u l k  a i r  f low i s  n o t  per tu rbed by the  p a r t i c l e s ,  
and i g n o r i n g  a i r  d e n s i t y  compared w i t h  water dens i t y ,  we use t h r e e  dimen- 






MEASUREMENT TUBE EXIT ORIFICE 
Figure  12. Computer p l o t s  o f  t h e  PMS FSSP measurement tube and 
i t s  suppor t  arms. 
measurement tube a re  each represented by 21 panels.  
(See F ig .  6 f o r  d imensional  data. )  
I n t a k e  and e x i t  o r i f i c e s  o f  t h e  
19 
Non-dimensional q u a n t i t i e s  a re :  
+ +  
drop and a i r  v e l o c i t i e s  V p"'a 
v S  s t i l l - a i r ,  t e r m i n a l  s e t t l i n g  speed o f  t h e  
drop 
x u n i t  vec to r  i n  t h e  z (upward) d i r e c t i o n  
'I t ime 
ND= C N Davies number 
2 
D R  
NF = V2/(Lg) Froude number 
water drop drag c o e f f i c i e n t  cD 
Dimensional q u a n t i t i e s  a re :  
6 e q u i v a l e n t  sphere drop diameter 
P a i r  d e n s i t y  
, rl a i r  v i s c o s i t y  
9 g r a v i t y  a c c e l e r a t i o n  cons tan t  
"a f r e e  stream a i rspeed 
L a c h a r a c t e r i s t i c  dimension o f  t h e  body 
Here l e n g t h  i s  normal ized by d i v i d i n g  by L, v e l o c i t y  by Vm and t ime  by 
13) .  
beyond t h e  i n f l u e n c e  o f  t h e  body where we can take  $ = va - kv,. 
compute NR from these data,  c a l c u l a t e  ND from NR us ing  exper imental  drag 
data f o r  water  drops ( r e f .  141, and proceed s t r a i g h t f o r w a r d l y  w i t h  a 
numerical i n t e g r a t i o n  of eq. ( 1 )  t o  o b t a i n  and drop coord ina tes  step- 
by-step from t h e  f r e e  stream t o  t h e  ins t rument .  
c a l c u l a t e d  v i a  the  f l o w  codes as needed d u r i n g  t h e  i n t e g r a t i o n .  D e t a i l s  
a re  g i ven  i n  re fe rence  3. 
l and N a re  f o r  s t i l l - a i r ,  t e rm ina l  drop s e t t l i n g  ( r e f .  
L/vm' ND,s R,s 





A i r  v e l o c i t y ,  va, i s  
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I 
Accuracy o f  t he  numerical  c a l c u l a t i o n s  has been s t u d i e d  i n  some de- 
t a i l  ( r e f .  15), and t r a j e c t o r y  r e s u l t s  have been compared w i t h  exper imental  
da ta  where p o s s i b l e  ( r e f s .  3, 16). Resu l ts  of these s t u d i e s  a r e  summarized 
i n  re fe rence 2. Comparisons w i t h  exper imental  da ta  a re  s a t i s f a c t o r y ,  and 
numeri c a l  i n t e g r a t i o n  e r r o r s  a r e  found t o  be negl  i g i  b l e .  
CONCENTRATION FACTOR 
To es t ima te  f low-induced drop f l u x  d i s t o r t i o n s  seen by t h e  ins t ruments ,  
we compute a q u a n t i t y  c a l l e d  concen t ra t i on  f a c t o r ,  CF, d e f i n e d  as 
( 2 )  
water drop f l u x  a t  t he  ins t rument  sampling volume 
water drop f l u x  i n  the  f r e e  stream CF = 
C i s  est imated, f o r  water drops o f  s p e c i f i e d  s i z e ,  by computing a f l u x  
tube o f  drops from t h e  unperturbed f r e e  stream t o  the  ins t rument  sampling 
volume. F igure  13 g i ves  a crude i l l u s t r a t i o n  o f  such a f l u x  tube.  It i s  
def ined by a c e n t r a l  t r a j e c t o r y  ( t h e  dashed l i n e  i n  t h e  f i g u r e )  surrounded 
by a s p e c i f i e d  number* o f  t r a j e c t o r i e s  t h a t  i n t e r s e c t  t h e  t a r g e t  p lane 
approx imate ly  a t  t h e  corners  o f  a smal l ,  r e g u l a r  polygon about 
t h e  c e n t e r  p o i n t  o f  t h e  i ns t rumen t  sampling volume. 
i n  t h e  unperturbed f r e e  stream. 
i t e r a t i v e  c a l c u l a t i o n  t h a t  ensures t h a t  they  i n t e r s e c t  t h e  t a r g e t  p lane 
w i t h i n  a p r e s e t  e r r o r  t o l e r a n c e  o f  the  des i red  t a r g e t  po in ts . *  
a t  a l l  c ross  sec t ions ,  i t  i s  e a s i l y  shown t h a t  
F 
The i n i t i a l  p lane i s  
These t r a j e c t o r i e s  a r e  computed by an 
Since t h e  p a r t i c l e  mass t r a n s f e r  r a t e  th rough t h e  tube i s  cons tan t  
A c E - ,  
At 
( 3 )  
where A and At a r e  t h e  f l u x  tube c ross  s e c t i o n a l  areas i n  t h e  i n i t i a l  and 
t a r g e t  planes. 
*A s e n s i t i v i t y  s tudy  ( r e f .  '15) has shown t h a t  s i x  f l u x  tube boundary 
t r a j e c t o r i e s  and a t a r g e t  p o i n t  e r r o r  t o le rance  o f  25% o f  t h e  t a r g e t  
c i r c l e  r a d i u s  are q u i t e  adequate f o r  concen t ra t i on  f a c t o r  c a l c u l a t i o n s .  
Accord ing ly  we have used these parameter s e t t i n g s  (NW = 6, TOL = 0.25; 
r e f .  3, p. 84) f o r  t h i s  study. 
2 1  
Figure 13. A r t i s t ' s  rendition of  a water d r o p  flux tube. The 
i n i t i a l  plane i s  normal t o  the central t ra jectory 
(dashed l i n e ) ,  as i s  the target  plane for the OAP. 
For the FSSP , t h e  target  plane i s  parallel t o  the 
measurement tube or i f ice  plane. The i n i t i a l  plane i s  
upstream i n  the unperturbed free stream. 
For the OAP the f l u x  tube center point i n  the target  plane i s  a t  
the center point of the laser beam ( F i g .  5 ) ,  and the flux tube boundary 
target p o i n t s  l i e  on a c i r c l e  about the center point w i t h  a radius 
approximately equal t o  that  of the laser  beam. For the FSSP, the target  
plane i s  constrained t o  be parallel t o  t h a t  of the measurement tube 
or i f ice ,  and t o  l i e  a distance of 0.05" upstream o f  the or i f ice .  T h u s ,  
the center of the f l u x  tube i n  the target plane l i e s  on the axis t h a t  
passes th rough  the center of the measurement tube, b u t  l i e s  a distance 
0.05" upstream of the or i f ice  center. 
1 .  a radius  s l igh t ly  less  (0.008" l e s s )  t h a n  the measurement tube inside 
rad ius  (21/32"), and 2 .  a radius one half of the measurement tube inside 
radius. The coarser flux tubes are used to  assess overall collection 
efficiency of the tube, while the f iner  flux tubes are  used to  assess 
collection efficiency for  those droplets that  are more l ikely t o  be accu- 
rately sensed and sized by the instrument. 
Trajectories o f  large drops are in i t ia ted  a t  a distance of a t  l eas t  
795" (10 fuselage d ameters) upstream of the target  planes. I t  i s  found 
that  this distance 
t icu la r ly  fo r  the w ng-mounted FSSP a t  nonzero angle of a t tack,  so t h i s  
distance i s  doubled for droplets of diameters 20 pm,and less .  
For the FSSP calculations were done for  two target  c i r c l e  rad i i :  




Since p o t e n t i a l  f l o w  i s  ca l cu la ted ,  t he  f low f i e l d s  are independent 
o f  atmospheric p r o p e r t i e s  and a i r  speed, b u t  t r a j e c t o r y  c a l c u l a t i o n s  are 
dependent on these c o n d i t i o n s .  Usua l l y  t h e  dependences are weak, b u t  some 
dependence on a i r  speed i s  found i n  t h i s  case, p a r t i c u l a r l y  f o r  t he  FSSP. 
As expected, ang le -o f -a t tack  i s  impor tan t  f o r  t he  wing-mounted ins t ruments .  
end up) r e l a t i v e  t o  the  f ree stream d i r e c t i o n  (which d i r e c t i o n  i s  always 
normal t o  t h e  g r a v i t y  v e c t o r ) .  I n  the case o f  an i s o l a t e d  i ns t rumen t  t h e  
angle i s  between the  i ns t rumen t  a x i s  and t h e  f r e e  stream d i r e c t i o n ,  w h i l e  
f o r  an airplane-mounted ins t rumen t  t h e  angle i s  between the  a i r p l a n e  fuse- 
lage a x i s  and t h e  f r e e  stream d i r e c t i o n .  Ins t rument  a x i s  angles o f  a t t a c k  
f o r  t h e  mounted ins t ruments  are discussed i n  the  n e x t  sec t i on .  
Atmospheric p r o p e r t i e s  are those a t  7 k f t  i n  t he  U.S. Standard Atmos- 
phere ( r e f .  17).  
i s  274.3OK. A l l  c a l c u l a t i o n s  are done a t  two f r e e  stream a i r  speeds: 95 
and 250 k t s  f o r  t he  i s o l a t e d  ins t ruments ,  and 95 and 130 k t s  f o r  t h e  
airplane-mounted ins t ruments .  
A l l  c a l c u l a t i o n s  are done f o r  two angles of a t t a c k :  Oo and 4' ( f o rward  
S p e c i f i c a l l y ,  a i r  d e n s i t y  i s  0.993 kg m-3 and temperature 
FLOW RESULTS 
F igu re  14 shows t h e  f l o w  f i e l d  f o r  t h e  PMS OAP mounted under t h e  Twin 
O t t e r  wing w i t h  the  a i r p l a n e  a t  0' angle of a t t a c k .  
a x i s  makes a 5' angle ( fo rward  end down) w i t h  the  wing chord plane, and 
t h e  chord p lane makes a 2.5' angle ( l e a d i n g  edge up) w i t h  the fuse lage 
ax i s ,  t he  i ns t rumen t  a x i s  makes a n e t  2.5' angle ( fo rward  end down) w i t h  
the  f r e e  stream f low vec to r  when the  a i r p l a n e  i s  a t  0' angle o f  a t t a c k .  
t he  4' a i r p l a n e  angle o f  a t t a c k ,  the i ns t rumen t  a x i s  makes a n e t  1.5' angle 
( forward end up) w i t h  the  f r e e  stream f low vec to r . )  
cen ter  o f  the l a s e r  beam (shown w i t h  a c i r c l e d  r o o t  i n  F igure  14) have 
the  f o l l o w i n g  p r o p e r t i e s :  
Since the  ins t rument  
(For  
Flow vec to rs  a t  t he  
24 
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Figure 14 .  Flow f ie ld  in the vertical  plane normal t o  the OAP 
laser  beam and t h r o u g h  i t s  center ( e ) .  
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Angle of Relative t o  t o  Horizontal t o  the Airplane 
Attack Free Stream P1 ane* Symmetry Plane+ 
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The center of the l a se r  beam i s  approximately 10" from the wing  surface. 
T w i n  Otter w i n g  w i t h  the airplane a t  0' angle of a t tack.  Net instrument 
axis  angles re la t ive  t o  the f ree  stream vector for  airplane angles of 
attack of 0' and 4 O  are  the same as  for  the OAP. 
into the measurement tube o r i f i c e ,  again for  an airplane angle of attack 
of 0'. 
properties : 
Figure 15 shows the flow f i e ld  for  the PMS FSSP mounted under the 
Figure 16 shows flow 
Flow vectors a t  the center of the o r i f i ce  have the following 
A i  rpl ane Magnitude Angle Relative Angle Relative 
Angle o f  Relative t o  t o  Horizontal t o  the Airplane+ 
Attack Free Stream P1 ane* Symmetry P1 ane 
O0 89.9% -12.7' 2.00 
40 76.7% - 9.70 3.10 
The center of the o r i f i c e  i s  approximately 11" from the wing  surface. 
TRAJECTORY RESULTS 
We are  interested i n  two quant i t ies :  1 .  concentration factor  (eqs. 
( 2 )  and ( 3 ) )  and 2.  drop speed r a t i o ,  v (eq. ( 1 ) ) .  Deviation of concen- 
t r a t ion  factor  from unity expresses d is tor t ion  i n  drop flux seen by the 
instrument. This d is tor t ion  is  caused by interaction of the drops w i t h  
flow perturbations caused by passage of the airplane and instruments through 
the a i r .  Instrument induced measurement biases a re  not considered here. 
P 
~ 
*The horizontal plane i s  normal t o  the gravity vector. 
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Figure  15. Flow f i e l d  i n  a v e r t i c a l  p lane p a r a l l e l  w i t h  t h e  a i r p l a n e  
fuselage a x i s  and th rough t h e  c e n t e r  p o i n t  o f  t h e  FSSP 
measurement tube i n t a k e  o r i f i c e .  
a x i s  is a t  Oo angle o f  a t t a c k  t o  the  f r e e  stream f l aw .  
The a i r p l a n e  fuse lage 
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FREE STREAM 
V E L O C I T Y ]  
Figure 16.  Flow i n t o  the FSSP measurement tube intake or i f ice .  Plane 
of  the figure a n d  angle of attack are the same a s  for  
F i g .  15.  
1 28 
Drop speed r a t io  i s  the r a t i o  of water d rop  speed t o  the free  stream 
a i r  speed* a t  e i ther :  the center point of the laser beam for  the OAP, 
or i n t o  the center of the measurement tube or i f ice  for  the FSSP. This 
quantity i s  important f o r  the OAP because i t  i s  needed t o  produce undistorted 
two-dimensional images of hydrometeors. While common practice i s  t o  assume 
t h a t  d r o p  t r ans i t  speed t h r o u g h  the laser  beam i s  the same a s  airplane a i r  
speed, we see below t h a t  actually t r ans i t  speed varies with: instrument, 
drop diameter, angle of attack and a i r  Speed. 
foll  owing general i t i e s  : 
In interpreting t ra jectory d a t a  i t  i s  important t o  understand the 
1 .  Large drops, which have high ine r t i a ,  tend t o  ignore local 
flow perturbations such t h a t  the large-drop t a i l s  of plots 
of concentration factor or speed ra t io  vs. drop diameter 
approach unity. 
Very small drops, which have small i ne r t i a ,  tend t o  closely 
follow the a i r  flow such t h a t  the small-drop t a i l s  o f  plots 
of concentration factor vs. d r o p  diameter show ef fec ts  of flow 
divergence (CF < 1 )  o r  flow convergence ( i . e . ,  streamline 
ComPresSion) (CF > 1 >. 
that  of the flow. 
2. 
Speed ra t io  asymptotically approaches 
3 .  Intermediate sized drops tend t o  show less  predictable e f fec ts .  
d r o p  diameter may show maxima or minima, sometimes sharply 
peaked, depending on geometry, angle of attack and sometimes 
a i r  speed. 
For example, plots o f  concent ra t ion  f a c t o r  o r  s p e e d  r a t i o  v s .  
Figures 1 7  t h r o u g h  21 show computer plots of portions of water d r o p  
flux tubes t o  the instruments. 
the plots are for :  
For the wing-mounted instruments a l l  o f  
0' airplane angle of attack, 95 kts f ree  stream a i r  
*For the wing-mounted instruments free stream speed corresponds t o  the 
airplane speed. 
29 
Figure 1 7 .  Flux tube o f  20 urn diameter water drops t o  the isolated 
OAP with the instrument a x i s  a t  4 O  angle of attack t o  the 
free stream flow. Vm = 130 kts.  
30 
Figure  18. F l u x  tube o f  1000 urn diameter water  drops t o  t h e  wing- 
mounted OAP. A i r p l a n e  angle o f  a t t a c k  i s  Oo . 
V = 95 k t s .  
W 
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Figure 19 .  F l u x  t u b e  o f  100 mm diameter water drops t o  the wing- 
mounted OAP. 
V = 95 kts. 
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Figure 20. F l u x  tube o f  1000 um diameter water drops t o  the 
wing-mounted FSSP. Airplane angle o f  a t t a c k  i s  Oo. 





Figure 21. Flux tube o f  100 vm diameter water drops to the 
wing-mounted FSSP. 
V = 95 kts. 
Airplane angle o f  attack is Oo. 
m 
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speed and f o r  water drops o f  100 and 1000 wn diameters. 
cons ide ra t i on  made c l e a r  by the  p l o t s  i s  t h a t  t r a j e c t o r i e s  t o  o r  near  
the ins t ruments  a re  i n  no danger of i n t e r s e c t i n g  the  wing sur face .  
One impor tan t  
Concent ra t ion  f a c t o r  r e s u l t s  f o r  t h e  OAP are p l o t t e d  versus water 
drop diameter i n  F igu re  22, and F igure  23 shows a s i m i l a r  p l o t  f o r  speed 
r a t i o .  Resu l ts  f o r  t h e  i s o l a t e d  ins t rument  and f o r  t h e  i ns t rumen t  mounted 
under t h e  Twin O t t e r  wing are  inc luded. *  
a i r  speeds o f  95 and 250 knots,  and f o r  0' and 4' angles o f  a t t a c k  f o r  each 
speed. 
w i t h  e i t h e r  a i r  speed o r  angle o f  a t t a c k  so t h a t  average values are p l o t t e d .  
The s l i g h t  f a l l - o f f  o f  concen t ra t i on  f a c t o r  and speed r a t i o  as drop s i z e  
decreases i s  caused by t h e  e f f e c t  a t  t h e  l a s e r  beam o f  f l o w  s tagna t ion  
a g a i n s t  t h e  fo rward  hemisphere of t h e  c a n i s t e r  (F ig .  5 ) .  
To f u l l y  understand r e s u l t s  f o r  t h e  wing mounted ins t rument ,  i t  i s  
necessary t o  more c a r e f u l l y  cons ider  f low c o n d i t i o n s  under t h e  Twin O t t e r  
wing. Since a t  0' angle o f  a t t a c k  the wing i s  t i l t e d  ( l e a d i n g  edge up) 
2.5O r e l a t i v e  t o  the  f r e e  stream, t h e r e  i s  a s l i g h t  s tagna t ion  c o n d i t i o n ,  
w i t h  a t tendan t  s l i g h t  d ivergence and reduc t i on  i n  f l o w  speed, under t h e  
wing i n  t h e  r e g i o n  immediately fo rward  o f  t he  i ns t rumen t  (F ig .  14).  Th is  
c o n d i t i o n  p r i m a r i l y  a f f e c t s  drops i n  t h e  i n te rmed ia te  s i z e  range (diame- 
t e r s  i n  t h e  approximate range 20 t o  200 vm).  
s tagna t ion  c o n d i t i o n  i s  overcome by s l i g h t  convergent f low t h a t  i s  r e -  
q u i r e d  t o  n e g o t i a t e  t h e  convex sur face  o f  t he  underside o f  t h e  wing 
l e a d i n g  edge, and indeed, a t  t he  l o c a t i o n  o f  t h e  l a s e r  beam, a i r  f l o w  
speed i s  found t o  be s l i g h t l y  g r e a t e r  than f r e e  stream w i t h  t h e  a i r p l a n e  
a t  Oo angle o f  a t t a c k  and w i t h o u t  t he  i ns t rumen t  (Appendix A). With t h e  
a i r p l a n e  a t  4' angle o f  a t t a c k ,  t h e  under-wing p a r t i a l  s tagna t ion  c o n d i t i o n  
For t h e  i s o l a t e d  ins t rument ,  c a l c u l a t i o n s  were done f o r  f r e e  stream 
There i s  l i t t l e  v a r i a t i o n  o f  concen t ra t i on  f a c t o r  and speed r a t i o  
However, f u r t h e r  a f t  t h i s  
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i s ,  of course, more pronounced and prevails both forward of the instrument 
and a t  the location of the laser  beam. 
Flux and speed r a t io  resul ts  for  the w i n g  mounted OAP are  completely 
consistent w i t h  t h i s  picture of the flow. 
of attack the curves i n  Figs .  22 and 23 show minima a t  about 70 un which 
are caused by the upstream stagnation e f fec t  on the midrange s ize  drops. 
As drop s ize  decreases, resul ts  r i se  s l igh t ly  and level off s l igh t ly  below 
unity principally because of the stagnation effect  a t  the laser beam caused 
by divergent flow about the canister.  For 4' angle of attack, the fa l lof f  
of the curves w i t h  decreasing drop s ize  i s  much more dramatic, as well as 
more pers is tent ,  as expected. These resul ts  predict undermeasurement by 
about 17% for both f l u x  and drop speed throughout the cloud droplet s ize  
range, when the airplane i s  a t  4' angle of attack. 
24 and 25. 
r a t io  vs. drop diameter a t  the location under the w i n g  of the OAP laser  
beam, b u t  w i t h  the instrument and i t s  m o u n t  omitted.) 
indicates major contributions of the instrument i t s e l f  t o  the dis tor t ions.  
A t  Oo angle of attack roughly half of the divergence e f fec ts  f o r  intermediate 
s ize  drops, and a l l  f o r  small drops i s  caused by the instrument. A t  4' 
angle of attack, s l igh t ly  less  t h a n  half of the e f fec ts  for  both inter-  
mediate and small drops are caused by the instrument. 
are discussed below. 
by Drummond ( r e f s .  5 ,  6 ) .  The Canadian National Aeronautical E s t a b l i s h -  
location as the NASA OAP ( F i g .  9 b ) ,  and the Drummond studies were done 
for this instrument. The only difference i n  the Canadian instrumentation 
i s  t h a t  the m o u n t i n g  pylon ( F i g .  10)  i s  1"  l o n g  compared w i t h  5 "  for the 
NASA pylon. 
6" from the w i n g  surface compared w i t h  10" for the NASA instrument. 
Drummond used two-dimensional Joukowski a i r f o i l  theory t o  calculate 
For the airplane a t  0' angle 
I 
~ I t  i s  p a r t i c u l a r l y  interesting t o  compare F i g s .  22 and 23 w i t h  F i g s .  




Implications of this 
Also plotted i n  Figures 22 and  23 are resu l t s  o f  a similar study 
I ment has a Twin  Otter w i t h  an OAP mounted under i t s  w i n g  a t  the same 
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f l o w  about t h e  wing. 
mated by adding t h e  p o t e n t i a l  f u n c t i o n  c o n t r i b u t i o n  f o r  a sphere t o  t h a t  
o f  t h e  a i r f o i l ,  t h e  sphere be ing  p laced a t  t h e  l o c a t i o n  o f  t he  fo rward  
c a n i s t e r  hemisphere (F igs.  5, 10 and 14),  w h i l e  the  remainder o f  t h e  i n -  
strument s t r u c t u r e  was ignored. Expansion r a t i o  ( F i g .  22) i s  t he  two- 
dimensional analog o f  concen t ra t i on  f a c t o r .  Drummond's water drop 
t r a j e c t o r y  c a l c u l a t i o n  methods are discussed i n  d e t a i l  i n  re fe rence  6. 
CL. 
o f  a t t a c k  t o  a r r i v e  a t  t he  f o l l o w i n g :  
E f f e c t s  o f  t he  i ns t rumen t  on t h e  f l o w  were approx i -  
Drummond expresses f l i g h t  c o n d i t i o n s  i n  terms o f  l i f t  c o e f f i c i e n t ,  





Angle o f  
A t tack  
3.6' 
8.0' 
Angle o f  A t tack  
I n  Terms o f  
Fusel age Ax is  
1 .lo 
5.5' 
As a l ready  noted, when mounted on the fuselage, t h e  wing has a 2.5' 
( l e a d i n g  edge up) angle o f  a t t a c k  r e l a t i v e  t o  the  fuselage a x i s .  
t he  r i g h t m o s t  column above we have sub t rac ted  2.50 f rom t h e  wing angle o f  
a t t a c k  so t h a t  i t  can be compared w i t h  angle o f  a t t a c k  as de f i ned  here. 
Thus, Drummond's CL = 0.348 corresponds rough ly  w i t h  ou r  0' angle o f  
a t t a c k ,  and h i s  CL = 0.784 corresponds roughly w i t h  o u r  4O angle  of a t t a c k .  
Comparisons o f  t h e  corresponding curves i n  Figures 22 and 23 show good 
agreement between t h e  r e s u l t s ,  i n  s p i t e  o f  t he  d i f f e r e n c e s  i n  geometry 
and c a l c u l a t i o n  methods, except f o r  t he  sma l les t  d r o p l e t s  a t  t h e  s m a l l e r  
angle o f  a t t a c k .  
h i g h e r  than ours. This  i s  p robab ly  caused by the  f a c t  t h a t  t h e  Canadian 
i ns t rumen t  i s  4" c l o s e r  t o  the  wing su r face  where t h e  f l o w  i s  l i k e l y  t o  
be s u b s t a n t i a l l y  more convergent. 
I n  
For these cases Drummond's curves r i s e  s u b s t a n t i a l l y  
41  
FSSP 
Resu l ts  f o r  the  FSSP are p l o t t e d  i n  F igs .  26-31. Concentrat ion 
f a c t o r s  were c a l c u l a t e d  us ing  f l u x  tubes o f  two r a d i i  as descr ibed above 
on p. 23. Those c a l c u l a t e d  v i a  the  coarser  f l u x  tubes ( s o l i d  curves i n  
F igs.  26 and 27) p r e d i c t  o v e r a l l  c o l l e c t i o n  e f f i c i e n c i e s  o f  t he  measure- 
ment tube, w h i l e  those c a l c u l a t e d  v i a  the  f i n e r  f l u x  tubes (broken curves 
i n  F igs.  26 and 27) p r e d i c t  c o l l e c t i o n  e f f i c i e n c i e s  a t  the  p o r t i o n  o f  t h e  
measurement volume i n s i d e  of the  measurement tube t h a t  i s  o p t i c a l l y  more 
a c t i v e  and t h a t  g ives  more accurate r e s u l t s .  
t o  change o f  angle o f  a t tack ,  as was a l s o  found f o r  t he  OAP, b u t  con- 
t r a r y  t o  f i n d i n g s  f o r  the  OAP, t h e  r e s u l t s  a re  s l i g h t l y  b u t  S ig-  
n i f i c a n t l y  s e n s i t i v e  t o  change i n  a i r  speed. For the  ins t rument  mounted 
under t h e  Twin O t t e r  wing, we f i n d  s u b s t a n t i a l  s e n s i t i v i t y  t o  angle o f  
a t tack ,  as was a l s o  the  case w i t h  the  OAP, and i n  a d d i t i o n  the re  i s  a 
cons is ten t ,  though s l i g h t ,  s e n s i t i v i t y  t o  a i r  speed. Moreover, except  
f o r  t he  l a r g e s t  drops, f o r  which we expect l i t t l e  f l u x  o r  speed d i s t o r t i o n  
i n  any case, t he  d i s t o r t i o n s  are more severe than f o r  the  OAP i n  a l l  
cases. Since d i f f e r e n c e s  i n  r e s u l t s  a t  t he  two ins t rument  l o c a t i o n s  
w i t h o u t  t he  ins t ruments  (compare F igs.  30 and 31 w i t h  F igs.  24 and 25) a re  
minor*, i t  must f o l l o w  t h a t  t he  b u l k  o f  t he  d i f f e r e n c e s  are  caused by 
d i f f e r e n c e s  i n  f l o w  around and through the  inst ruments.  This  conc lus ion  
i s  p a r t i c u l a r l y  e v i d e n t  when r e s u l t s  f o r  t h e  i s o l a t e d  inst ruments a re  
compared. 
d e t a i l s  o f  t h e i r  geometr ies and opera t ions ,  cause s i g n i f i c a n t  f l o w  e f f e c t s .  
Th is  i s  an impor tan t  f i n d i n g  s ince  i t  has been common p r a c t i c e  t o  assume 
t h a t  e f f e c t s  of f l o w  p e r t u r b a t i o n s  caused by inst ruments themselves a re  n o t  
s i g n i f i c a n t  compared w i t h  e f f e c t s  caused by f l o w  about the  a i r c r a f t  on 
which they  a re  mounted. 
For  the  i s o l a t e d  inst rument ,  r e s u l t s  (F igs .  26-29) a re  i n s e n s i t i v e  
I 
~ 
Thus, we f i n d  t h a t  t he  presence of t he  inst ruments,  and even 
*The most pronounced d i f f e r e n c e s  are  f o r  the  0' angle o f  a t t a c k  curves, 
which r e f l e c t  d i f f e r e n c e s  i n  f l o w  convergence under the  wing a t  the  
measuring volumes o f  t he  two inst ruments.  The OAP measuring volume i s  
s l i g h t l y  c l o s e r  t o  the wing sur face,  where the re  i s  s l i g h t l y  g r e a t e r  
convergent f low,  than i s  t he  case f o r  t h e  FSSP. 
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Regardless o f  whether we cons ider  t h e  s o l i d  o r  broken curves i n  F igs.  
26 and 27, we p r e d i c t  s i g n i f i c a n t  f l u x  d i s t o r t i o n s  f o r  d r o p l e t s  i n  the  
c loud  d r o p l e t  s i z e  range (diameters 50 vm). Q u a n t i t a t i v e l y ,  these r e -  
s u l t s  p r e d i c t  f l u x  measurement e r r o r s  by t h e  Twin O t t e r  FSSP on t h e  o rde r  
of 12 t o  25% - caused by f low p e r t u r b a t i o n s  alone. The reasons f o r  t h i s  
are c l e a r .  
tube combinat ion present  a cons iderab le  obs tac le  t o  the  f l ow ,  b u t  t he  
a i r  and drops must e n t e r  and t r a v e r s e  the  measurement tube. 
As discussed above (pp. 17, 18) a i r  f l u x  through t h e  measurement 
tube i s  reduced 8% r e l a t i v e  t o  f r e e  stream f o r  t h e  i s o l a t e d  ins t rument ,  
w h i l e  f o r  t h e  wing mounted ins t rument ,  f l u x  i n t o  the  tube c e n t e r  i s  r e -  
duced by 10 and 23% r e l a t i v e  t o  f r e e  stream f o r  Oo and 4' angles o f  a t t a c k  
(see the  t a b l e  on p. 26). The r e s u l t s  i n  Figs.  26 th rough 29 a re  c o n s i s t e n t  
w i t h  t h i s .  As no ted  p rev ious l y ,  bo th  concen t ra t i on  f a c t o r  and speed r a t i o  
approach a i r  f l u x  ( i . e . ,  a i r  speed) values as p a r t i c l e  s i z e  approaches 
zero, whereas f o r  l a rge ,  massive p a r t i c l e s  both concen t ra t i on  f a c t o r  and 
speed r a t i o  a re  e s s e n t i a l l y  u n i t y .  
f rom t h e  f i n e r  f l u x  tubes (broken curves i n  Figs.  26 and 27) and speed 
r a t i o s  (F igs .  28 and 29) are expected t o  approach t h e  values o f  92% 
( i s o l a t e d  i ns t rumen t ) ,  90% (wing mounted, a t  0' angle o f  a t t a c k )  and 
77% (wing mounted, a t  4' angle o f  a t t a c k )  f o r  t h e  sma l les t  d r o p l e t s .  
(Concent ra t ion  f a c t o r  curves c a l c u l a t e d  from the  coarser  flux tubes are 
expected t o  approach lower minima f o r  smal l  d r o p l e t s  because t h e  coarser  
tubes are more a f fec ted  by d i v e r g i n g  f l o w  about the tube o r i f i c e  edges 
and o t h e r  o b s t r u c t i n g  s t r u c t u r e s .  ) These expec ta t i ons  are e s s e n t i a l l y  
r e a l i z e d  f o r  speed r a t i o s  i n  a l l  cases, and f o r  t he  concen t ra t i on  f a c t o r s  
a t  4 O  ang le  o f  a t t a c k  f o r  t he  w ng mounted FSSP. 
concen t ra t i on  f a c t o r  curves f o r  t he  i s o l a t e d  and wing mounted FSSP a t  
0' angle o f  a t t a c k  pass through minima a t  about 7 urn d r o p l e t  d iameter and 
then r i s e  f a i r l y  sha rp l y  toward t h e  smal l -drop l i m i t .  
Not o n l y  does t h e  s t r u c t u r e  o f  t he  support  arm-measurement 
Thus, concen t ra t i on  f a c t o r s  c a l c u l a t e d  
On t h e  o t h e r  hand, 
It i s  s u r p r i s i n g  
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for  droplets as small as 2 pm t h a t  concentration factors remain considerably 
below the limits, though  the data indicate t h a t  the l imits would be f ina l ly  
reached by s t i l l  smaller droplets. 
Preferred Orientation 
Preferred orientation of hydrometeors can be studied by examination 
of t he i r  drag vectors. I t  i s  well known that  for  Reynolds numbers large 
enough to  indicate nonviscous flow b u t  not so large a s  t o  indicate un- 
steady motion,  hydrometeors orient such a s  t o  present maximum resistance 
t o  movement. T h u s  water d rop  f la t tening planes, ice column long axes and 
ice plate faces a l l  or ient  normal to  the i r  drag vectors. Moreover, Beard 
( r e f .  18) has shown t h a t ,  a t  l eas t  fo r  water drops, response time i s  short 
enough to  a l low reo r i en ta t ion  t o  occur a long  curved t ra jec tor ies  a t  normal 
f l i g h t  speeds. I t  i s  particularly important t o  know orientation o f  hydro- 
meteors as they pass through the measurement volume of a two-dimensional 
imaging OAP spectrometer so that  the images can be properly interpreted. 
Water drop drag vectors a t  f inal  points of f l u x  tube central t ra jector ies  
( l . e . ,  a t  the centers of the instrument sampling volumes) as tabulated 
i n  Appendix B. 
w i t h  a l l  of: drop s ize ,  angle of attack and free stream a i r  speed. More- 
over, the complexity of the data, particularly fo r  the wing-mounted in- 
struments, indicates that  additional study is  warranted. 




For t h e  OAP we p r e d i c t  i n s e n s i t i v i t y  o f  both concen t ra t i on  f a c t o r  ( i . e .  , 
f l u x  r a t i o )  and speed r a t i o *  t o  bo th  angle o f  a t t a c k  and f r e e  stream a i r -  
speed. 
f o r  smal l  d r o p l e t s  caused by an upstream e f f e c t ,  a t  t h e  l o c a t i o n  o f  t he  
l a s e r  beam, o f  f l o w  s tagna t ion  aga ins t  the fo rward  hemispher ical  end o f  
the c a n i s t e r  (F ig .  5 ) .  
presence o f  t h e  measurement tube and t o  the  l a r g e  s i z e  o f  i t s  support  arms 
(compare F igs.  5 and 6), and i n  a d d i t i o n  r e q u i r e s  t h a t  bo th  a i r  and drops 
t r a v e r s e  the  i n t e r i o r  o f  t he  measurement tube. 
e f f e c t s  a re  found, b u t  p e r s i s t e n t  f r e e  stream a i r  speed e f f e c t s  a re  found 
i n  t h e  diameter range from about 5 t o  50 urn f o r  bo th  concen t ra t i on  f a c t o r  
and drop speed r a t i o ,  though these e f f e c t s  are o f  no p r a c t i c a l  s i g n i f i c a n c e .  
Both concen t ra t i on  f a c t o r  and speed r a t i o  approach l i m i t s  o f  about 0.9 
f o r  smal l  drops, which i s  c o n s i s t e n t  w i t h  our  es t imate  o f  a i r  f l u x  th rough 
the measurement tube. 
i n  a s i z e  range t y p i c a l l y  found i n  c louds (diameters 20 m) would be t o o  
low by about 10%. 
the  f l ow .  
The o n l y  d i s t o r t i o n s  are s l i g h t  s lowing  and s l i g h t  f l u x  divergence 
These d i s t o r t i o n s  are o f  l i t t l e  p r a c t i c a l  importance. 
The FSSP presents  g r e a t e r  o b s t r u c t i o n  t o  f l o w  than the  OAP owing t o  t h e  
Again no angle o f  a t t a c k  
The r e s u l t s  p r e d i c t  t h a t  f l u x  measurements o f  d r o p l e t s  
Measurements o f  r a i n i s i z e  drops a re  l i t t l e  a f f e c t e d  by 
W ING-MOUNTED INSTRUMENTS 
For t h e  OAP, r e s u l t s  a re  found t o  be i n s e n s i t i v e  t o  f r e e  stream a i r  
speed, b u t  s u b s t a n t i a l  angle o f  a t t a c k  e f f e c t s  are found. 
a t tack ,  d i s t o r t i o n s  o f  drop f l u x  and speed are smal l  enough t o  be of 
l i t t l e  p r a c t i c a l  consequence. However, a t  4 O  angle o f  a t t a c k  s i g -  
n i f i c a n t  decreases i n  b o t h  drop speed and f l u x  are found f o r  d r o p l e t s  w i t h  
diameters l e s s  than about 150 pm. 
A t  0' angle o f  
Much o f  t h i s  i s ' c a u s e  by p a r t i a l  f low 
*Flux and speed r a t i o s  a re  f o r  water drops a t  t he  ins t rument  sampling volumes 
r e l a t i v e  t o  f r e e  stream values. 
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s tagna t ion  aga ins t  t he  under s i d e  of t h e  u p t i l t e d  wing. 
of concen t ra t i on  f a c t o r  and speed r a t i o  vs. drop diameter are 0.83 and 
0.81 r e s p e c t i v e l y .  The concen t ra t i on  f a c t o r  curve remains cons tan t  a t  
i t s  minimum va lue  f o r  drop diameters l e s s  than 20 pm. The speed r a t i o  
curve reaches i t s  minimum a t  about 30 pm, and then r i s e s  t o  s t a b i l i z e  a t  
about 0.83 f o r  sma l le r  drops. These r e s u l t s  p r e d i c t  undermeasurement by 
about 17% of bo th  f l u x  and t r a n s i t  speed through the l a s e r  beam f o r  a l l  
c l oud -s i ze  d r o p l e t s ,  when the  a i r p l a n e  i s  a t  4 O  angle o f  a t t a c k .  
r e s u l t s  agree w e l l  w i t h  the  two-dimensional c a l c u l a t i o n  r e s u l t s  o f  Drummond 
( r e f s  5, 6 ) .  
For t h e  FSSP we again f i n d  ve ry  s i g n i f i c a n t  angle o f  a t t a c k  e f f e c t s  
on both drop f l u x  and speed r a t i o s  and i n  a l l  cases, t he  d i s t o r t i o n s  are 
s u b s t a n t i a l l y  g r e a t e r  than are found f o r  t h e  OAP. 
s i s t e n t  f o r  smal l  drops, b u t  are o f  no p r a c t i c a l  s i g n i f i c a n c e .  For smal l  
d r o p l e t s ,  i n  t h e  c loud  d r o p l e t  s i z e  range, we p r e d i c t  undermeasurement o f  b o t h  
f l u x  and speed of about 10-13% a t  0' angle o f  a t t a c k ,  t o  about 24% a t  4' 
angle of a t t a c k .  
f l o w  p e r t u r b a t i o n s  alone. Measurements o f  r a i n - s i z e  drops a re  l i t t l e  
a f f e c t e d  by  t h e  f l o w  
Comparisons o f  r e s u l t s  c a l c u l a t e d  w i t h  and w i t h o u t  t he  ins t ruments  
mounted under the  Twin O t t e r  wing show t h a t  rough ly  h a l f  o f  t h e  f l u x  and 
speed d i s t o r t i o n s  a re  caused by t h e  presence o f  t h e  ins t ruments  themselves. 
Th is  f i n d i n g  i s  q u i t e  s i g n i f i c a n t  because i t  has been common p r a c t i c e  t o  
i gno re  the  presence o f  ins t ruments  on the  assumption t h a t  f l o w  p e r t u r b a t i o n  
e f f e c t s  caused by  them a r e  n o t  l i k e l y  t o  be s i g n f i c a n t  compared w i t h  those 
caused by the  a i r c r a f t  on which they are mounted. 
Minima i n  curves 
Our 
A i r  speed e f f e c t s  are pe r -  
We repea t  t h a t  these e r r o r s  are caused by e f f e c t s  o f  
PREFERRED OR I EN TAT I ON 
Drop drag v e c t o r  angles a t  t he  i ns t rumen t  measurement volumes appear 
t o  be r a t h e r  complex f u n c t i o n s  o f  drop s i ze ,  angle o f  a t t a c k  and f r e e  
stream a i r  speed (Appendix B ) .  
i t s  i m p l i c a t i o n s  w i t h  regard  t o  p re fe r red  o r i e n t a t i o n s  presented t o  the  
ins t ruments  o f :  f l a t t e n e d  water drops, i c e  columns and i c e  p l a t e s .  
Th is  needs a d d i t i o n a l  s tudy  because o f  
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APPENDIX A 
CONCENTRATION FACTOR AND SPEED R A T I O  DATA 
I s o l a t e d  OAP 
4' AOA - _______ I 0' AOA 
Water 
Drop V m = 95 k t s  V m = 250 k t s  V W = 95 k t s  V 03 = 250 k t s  
Diameter 







































































OAP Mounted Under t h e  Twin O t t e r  Wing 
I - .. Oo AOA - - 4' AOA 
V = 130 k t s  
W 
V = 95 k t s  
m 
Vm = 95 k t s  V w  = 130 k t s  



















































Iso lated FSSP 
Oo AOA _ _ _ _ _ _ _ 4 O  AOA 
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FSSP Mounted Under the Twin Ot te r  Wing 
Oo AOA 4' AO- 
dm = 95 k t s  __V_ = 130 kts- __V_ 95 ktS- dm = 130 kts- 
&F -F 'F -F- 
RW = r RW = 4r RW = ro RW = 4r RW = ro RW = +ro RW = ro RW = hro _~h o . L - . l - ~ L - - . - -  
.980 .980 .996 .985 .985 .995 .981 .981 .990 .985 .985 .990 
- 980 .990 .984 .991 .977 -982 .981 .983 ._ 
.978 .978 .984 .982 .983 -986 .970 .972 .975 .975 
-975 .979 .980 -981 .964 .964 .970 .968 
-964 .965 .958 .97D .970 .963 .940 .940 .931 .947 .947 .938 
.935 .936 -923 .944 .944 .929 .890 .891 .872 .902 .902 .883 
-920 .907 .927 .913 .860 .837 .872 .851 
.906 .908 .897 .911 .914 .go1 .833 .814 -844 .823 
.898 -894 .903 .896 -814 .800 .a26 .807 




.a22 .a52 .877 .835 .851 .879 .724 .751 .760 .731 .754 .761 
.716 .760 
.803 .852 .892 .810 .851 .886 .688 .749 .770 .694 .748 .763 
.809 .877 .913 .809 .876 .912 .682 .768 .782 .683 .767 .778 
.918 .919 .787 .787 
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A t  L o c a t i o n  o f  OAP Under t h e  Twin O t t e r  Wing 
No Inst rument  
s o o  AOA - 
Water V = 95 k t s  Drop m V = 130 k t s  m 
Diameter 
'F 'p (um> cF vp -- 
1000 -987 .996 
700 .984 .992 
400 ,981 .983 
200 .977 ,970 
100 .973 .954 
70 .979 .955 
40 .999 .974 
20 1.008 .999 
10 1.009 1.007 
5 1.008 1.009 




























4' AOA -. . -- 
Vo3 = 95 k t s  













A t  Locat ion  o f  FSSP Under t h e  Twin O t t e r  Wing 
No Inst rument  
0' AOA - 
V = 130 k t s  



































































DRAG VECTOR ANGLES 
The drag vec to r ,  d, i s  g iven  by t h e  f i r s t  te rm on t h e  r i g h t  s i d e  
o f  eq. (1)  (p. 18). Angle a i s  t h e  angle between t h e  p r o j e c t i o n  o f  d i n  
the z = 0 p lane ( i .e . ,  h o r i z o n t a l  p lane)  and t h e  x a x i s  vec tor ,  and 6 i s  
t he  angle d makes w i t h  t h e  z = 0 plane. The geometry i s  
-+ x (  f low) J 
For  the  wing-mounted ins t ruments  we take  t h e  outboard d i r e c t i o n  ( i  .e., 
toward t h e  wing t i p )  t o  be t h e  d i r e c t i o n  o f  ;. 
t h e  c e n t r a l  t r a j e c t o r i e s  o f  f l u x  tubes o f  water drops f rom t h e  f r e e  stream 
t o  t h e  ins t ruments .  
l a s e r  beam, w h i l e  f o r  t h e  FSSP i t  i s  c lose  t o  t h e  cen te r  o f  t h e  measure- 
ment tube i n t a k e  o r i f i c e .  
Tabulated drag v e c t o r  angles (degrees) a re  f o r  t h e  f i n a l  p o i n t s  o f  
For t h e  OAP t h i s  p o i n t  i s  c lose  t o  t h e  c e n t e r  o f  t h e  
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I so l a t ed  OAP 
(angles  i n  degrees)  
AOA- _ _ _ _ _ 4 O  AOA 
V = 250 kts 
m 
V = 95 kts 
m 
V = 250 kts 
m 
Water V = 95 kts Drop m 
Diameter 































-1 79 0 
179 0 


























-1 77 26 
-1 78 27 
180 23 
180 31 
-1 79 41 
179 58 
- 11 68 
I so l a t ed  FSSP 
(angles  i n  degrees)  
Bo AOA no AOA 
Vm = 95 kts V = 250 kts 
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OAP Mounted Under the  Twin O t t e r  Wing 
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69 -163 
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A' AOA ______4' AOA 
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-1 5 - 78 
-1 5 - 78 










FSSP Mounted Under t h e  Twin O t t e r  Wing 
(angles i n  degrees) 
Lo AOA -' AOA 
V = 95 k t s  V = 130 k t s  
m 
V = 130 k t s  Water DroD V m = 95 k t s  m m 
REFERENCES 
1. 
Physics,  Ju 
2. Norment, H. 
C a l c u l a t i o n  
January 14- 




7 .  
8. 
9. 
IO .  
Norment, H. G . :  E f f e c t s  o f  A i r p l a n e  F l o w f i e l d s  on Hydrometeor Con- 
c e n t r a t i o n  Measurements, P r e p r i n t s ,  I n t e r n a t i o n a l  Conference on Cloud 
y 26-30, 1976, Boulder,  Colorado, pp. 591-596. 
G. : 
Wi th A p p l i c a t i o n s ,  A I A A  23rd Aerospace Science Meet ing,  
7, 1985, Keno, Nevada, Paper AIAA-85-0412. 
Three-Dimensional A i r f l o w  and Hydrometeor T r a j e c t o r y  
G.: C a l c u l a t i o n  o f  Water Drop T r a j e c t o r i e s  To and About 
A r b i t r a r y  Three-Dimensional L i f t i n g  and N o n l i f t i n g  Bodies i n  P o t e n t i a l  
A i r f l o w ,  NASA Cont rac tor  Report  3935, October 1985. 
Shaw, R. J. , Norment, H. G. and Quealy,  A.: The Use o f  a Three- 
Dimensional Water Drop T r a j e c t o r y  Ana lys is  t o  A i d  i n  I n t e r p r e t i n g  
I c i n g  Cloud Data, A I A A  24th Aerospace Sciences Meeting, January 1986, 
Reno, Nevada, Paper AIAA-86-0405. 
Drummond, A .  M. and MacPherson, J. I.: T h e o r e t i c a l  and Measured 
A i r f l o w  About t h e  Twin O t t e r  Wing, NAE-AN-19, NRC No. 33184, March 
1984. 
Drummond, A .  M.: 
Concentrat ions,  NAE-AN-21, NRC No. 23508, June 1984. 
A i r c r a f t  Flow E f f e c t s  On Cloud D r o p l e t  Images and 
Knol lenberg,  R. G.: The O p t i c a l  Array: An A l t e r n a t i v e  t o  S c a t t e r i n g  
o r  E x t i n c t i o n  f o r  A i r b o r n e  P a r t i c l e  S ize  Determinat ion,  J. Appl .  
Meteor., Vol .  9, 1970, pp. 86-103. 
Knol lenberg,  R. G. :  Three New Inst ruments f o r  Cloud Physics Measure- 
ments: The 2-D Spectrometer, t h e  Forward S c a t t e r i n g  Spectrometer Probe, 
and t h e  A c t i v e  S c a t t e r i n g  Aerosol  Spectrometer, P r e p r i n t s ,  I n t e r n a t i o n a l  
Conference on Cloud Physics,  J u l y  26-30, 1976, Boulder,  Colorado, 
pp. 554-561. 
Hess, John L.: C a l c u l a t i o n  o f  P o t e n t i a l  Flow About A r b i t r a r y  Three- 
Dimensional L i f t i n g  Bodies, Report  No. MDC 55679-01, Oct. 1972. 
AD-755 480. 
Hess, John L. and Smith, A.M.O. : C a l c u l a t i o n  o f  N o n - L i f t i n g  P o t e n t i a l  
F1 ow About A r b i t r a r y  Three-Dimensi onal  Bodies" , Report  E. S. 40622 , 










Hess, J .  L. and Martin, R.  P . :  Improved Solut ion f o r  Po ten t i a l  Flow 
About Arbi t ra ry  Axisymmetric Bodies By Use of a Higher-Order Sur- 
face  Source Method. Pa r t  I .  Theory and Results, Douglas A i r c r a f t  
Company, MDC J6627-01, NASA CR 134694, Ju ly  1974. N74-33791. 
Friedman, D. M.: Improved Solut ion f o r  Poten t ia l  Flow About Arb i -  
t r a r y  Axisymmetric Bodies By Use of a Higher Order Surface Method. 
Pa r t  11. User's Manual for  Computer Program, Douglas A i r c r a f t  
Company, MDC 56627-02, NASA CR 134695, Ju ly  1974. N74-33792. 
Beard, K. V . :  Terminal Velocity and Shape of Cloud and P r e c i p i t a t i o n  
Drops Alof t ,  J.  A t m .  S c i . ,  Vol. 33, 1976, pp .  851-864. 
G u n n ,  R.  and Kinser, G .  D . :  The Terminal Velocity of Fa l l  f o r  Water 
Droplets i n  Stagnant Air, J .  Meteor., Vol. 6 ,  1949, pp. 243-248. 
Norment, H .  G .  and Zalosh, R. G . :  Ef fec ts  of Airplane Flowfields 
on Hydrometeor Concentration Measurements, AFCRL-TR-0602, Dec. 6 ,  
1974. AD-A006 690. 
Norment, H .  G . :  Calculat ion o f  Water Drop Tra j ec to r i e s  To and About 
Arbi t ra ry  Three-Dimensional Bodies i n  Poten t ia l  Airflow, NASA CR 
3291, Aug. 1980. N80-28302. 
U.S. Standard Atmosphere, NOAA and NASA, NOAA-S/T76-1562, 1976. 
Beard, K. V . :  Reorientat ion of Hydrometeors i n  A i rc ra f t  Accelerated 




NASA ational Aeronaullcs and Report Documentation Page 
Space Admlnlstratmn 
2. Government Accession No. ' .  Report No. NASA CR-4113 
DOT/FAA/CT-87130 
4. Title and Subtitle 
Three-Dimensional T r a j e c t o r y  Analyses o f  Two Drop 
S i z i n g  Ins t ruments :  PMS OAP and PMS FSSP 
7.  Author(s) 
H i l l y e r  G. Norment / 
9. Performing Organization Name and Address 
Atmospheric Science Associates 
186 P e t e r  Spr ing  Road 
Concord, MA 01742 
Nat iona l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Lewis Research Center 
Cleveland, Ohio 44135-3191 
2. Sponsoring Agency Name and Address 
5. Supplementary Notes 
3. Recipient's Catalog No 
5. Report Date 
February 1988 
6. Performing Organization Code 
8. Performing Organization Report No. 
None (E-3851 ) 
10. Work Unit No. 
505-68-1 1 
11. Contract or Grant No. 
NAS3-24630 
13. Type of Report and Period Covered 
Cont rac tor  Report 
F i n a l  
14. Sponsoring Agency Code 
P r o j e c t  Managers, Robert  J.  Shaw, Propu ls ion  Systems D i v i s i o n ,  NASA Lewis 
Research Center ,  and James R i l e y ,  FAA Technical  Center,  A t l a n t i c  C i t y ,  
New Jersey 08405. 
Flow-induced d i s t o r t i o n s  o f  water drop f l u x e s  and speeds seen by the  inst ruments 
have been p r e d i c t e d  by use o f  three-dimensional  flow and t r a j e c t o r y  c a l c u l a t i o n  
methods. S e n s i t i v i t i e s  have been determined, f o r  t h e  inst ruments i n  i s o l a t i o n  
and mounted under the  wing o f  a DeHavi l land Twin O t t e r  a i r p l a n e ,  to: water drop 
d iameter  ( 2  - 1000,um>, angle o f  a t t a c k  and f r e e  stream a i r  speed. For the  OAP 
i n  i s o l a t i o n  and on the  Twin O t t e r  a t  0" angle o f  a t t a c k ,  f l u x  d i s t o r t i o n s  o f  
p r a c t i c a l  consequence are n o t  found. A t  4 "  a i r p l a n e  angle o f  a t t a c k ,  p a r t i a l  
flow s t a g n a t i o n  under the u p t i l t e d  wing causes s i g n i f i c a n t  decrease i n  bo th  f l u x  
and speed for c l o u d  s i z e  d r o p l e t s .  For the  FSSP i n  i s o l a t i o n ,  o n l y  m a r g i n a l l y  
s i g n i f i c a n t  s e n s i t i v i t i e s  t o  f r e e  stream a i r  speed are  found, and no s e n s i t i v i t y  
i s  found t o  angle o f  a t t a c k .  For the  wing-mounted inst rument ,  s u b s t a n t i a l  sen- 
s i t i v i t y  i s  found t o  angle o f  a t t a c k .  
a re  p r e d i c t e d  t o  be undermeasured by from 12-24% depending on a i r p l a n e  angle of 
a t t a c k .  For t h e  wing-mounted inst ruments,  e f f e c t s  o f  f low about the inst ruments 
themselves are  found t o  be equal i n  importance t o  e f f e c t s  o f  f low about the  a i r -  
p lane.  P r e f e r r e d  o r i e n t a t i o n  ( c a n t i n g )  angles o f  d i s t o r t e d  water drops are  
found t o  be f u n c t i o n s  o f  drop s i z e ,  angle o f  a t t a c k  and a i r  speed. 
6. Abstract 
Both speed and f l u x  o f  c loud-s ize d r o p l e t s  
7. Key Words (Suggested by Author@)) 
A i r c r a f t  i c i n g ;  Water drop s i z i n g  i n s t r u m e n t s ;  
Ai rcraf t -mounted i n s t r u m e n t s ;  PMS OAP; PMS FSSP; 
Water drop t r a j e c t o r i e s :  Three-dimensional 
p o t e n t i a l  f low:  T r a j e c t o r y  a n a l y s e s ;  Water drop 
f l u x e s :  P r e f e r r e d  o r i e n t a t i o n  
18. Distribution Statement 
U n c l a s s i f i e d  - U n l i m i t e d  
Subject  Category 03 
). Security Classif. (of this report) 120. Security Classif. (of this page) I 21. NO of pages 122. Price' 
U n c l a s s i f i e d  I Uncl a s s i  f i ed I 63 I A04 
'For sale by the National Technical Information Service, Springfield, Virginia 22161 NASA-Langley, 1988 NASA FORM 1626 OCT 86 
8 
ERRATA 
Report No. DOT/FAA/CT-87130 
NASA Contractor  Report 4113 
THREE-DIKENSIONAL TRAJECTORY 
ANALYSES OF TWO DROP S I Z I N G  
INSTRUMENTS: PMS OAP 
AND PMS FSSP 
H i l l y e r  G. Norment 





National  Aeronautics and Space Administration 
Lewis Research Center,  Cleveland, Ohio 
Department of Transportat ion 
Federal  Aviation Administration Technical Center 
A t l a n t i c  C i t y  I n t e r n a t i o n a l  A i rpo r t ,  N J  08405 
Front Cover, I n s i d e  Cover, and Report Documentation Page: 
Change Report No. DOT/FAA/CT-87130 t o  DOT/FAA/CT-87/30. 
This document is a v a i l a b l e  t o  t h e  pub l i c  through the  
National Technical Information Se rv ice ,  Sp r ing f i e ld ,  
V i rg in i a  22161 
Include Disclaimer Statement ( a t t a c h e d ) .  
Released May 1988 
NOTICE 
This document is disseminated under the  sponsorship 
of the  U. S. Department of Transpor ta t ion  i n  the  i n t e r e s t  
of information exchange. The United S t a t e s  Govermnent 
assumes no l i a b i l i t y  f o r  t he  conten ts  or use  thereof .  
The United S t a t e s  Government does no t  endorse products  
o r  manufacturers. Trade o r  manufacturers '  names appear 
here in  s o l e l y  because they a r e  considered e s s e n t i a l  t o  t he  
ob jec t ive  of t h i s  r e p o r t .  
